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(54) Compound laser system for high power density 



(57) The present invention provides compound 
laser system for generating beams of high brightness 
and high power density by constructive phase coherent 
combination of the beams generated by a number of 
individual sources of coherent radiation. In one pre- 
ferred embodiment, it provides a system for the delivery 
of high powered output from a set of inexpensive, com- 
paratively low-powered diode lasers and comprises 
three subsystems: a diode laser subsystem which is the 
source of power for the system; a combiner subsystem 
which combines the output of the diode lasers; and. an 
optional delivery subsystem which may be needed to 
deliver the combined output to its desired destination for 
industrial or medical applications. 



The combiner subsystem may be implemented in 
its entirety as an Integrated Optical Combiner, a single 
component, performing all the combiner subsystem's 
functions. Different preferred embodiments of Phase 
Coherent Integrated Optical Combiners are proposed. 
One of them employs an optical fiber having a shaped 
core to provide efficient matching to the geometry of 
typical laser diodes. Each diode laser's output of a 
diode laser array is captured by a single optical fiber 
with a core whose cross-sectional shape is contoured 
so that major and minor axes of a laser diode's output 
shape are not larger than major and minor axes of a 
optical waveguide and whose numerical apertures are 
closely matched to the numerical apertures in the direc- 
tions of corresponding axes. 
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Description 



The present invention relates to lasers and optoe- 
lectronics and in particular to new compound optical 
sources of coherent radiation for generation of high s 
power densities based on summation of the power of 
few separate laser components by an optical beam 
combiner. The laser system may be used for combina- 
tion of beams irradiated by multiple diode lasers or a 
diode laser array employing beam combining compo- 10 
nents based on specially configured optical fiber and 
integrated optical waveguide system to pump optical 
fiber amplifiers or active crystals in miniature solid state 
lasers. 

For many industrial and medical uses, the key is 
attribute of a laser system is the power density that can 
be delivered to a particular site or point. Another desira- 
ble aspect of power delivery systems is that the laser's 
output be delivered to points remote from the laser and 
without being limited by the laser's physical orientation. 20 
Employing inexpensive semiconductor diode lasers 
instead of standard lasers is preferable for many indus- 
trial applications, since these lasers offer simple align- 
ment and can easily be substituted for service or repair, 
if required. For example, such diode lasers could 25 
replace conventional laser sources for welding, cutting 
and surface treatment or can be used for pumping min- 
iature solid state lasers and optical fiber lasers or ampli- 
fiers. The power needed for these applications 
however, exceeds the power available from single low- 30 
cost diode lasers and has therefore required the use of 
high cost, high output lasers. Because the targeted 
applications require power that exceeds that of a single 
diode laser, one can use an array of diode lasers whose 
individual beams should be combined by some optical 35 
system and then coupled into an active optical fiber or 
an active crystal. 

Such diode lasers, typically rated around 1 W, 
exhibit output cross sections of 200 jim by 1-2 fim and 
divergences of 20° and 40° in the respective cross-sec- 40 
tional major and minor axes. The outputs of these indi- 
vidual diode lasers are combined in the present state of 
the art by capturing each diode laser's output with a 
standard round optical fiber. The diameter of the core of 
the individual fibers is chosen such that it will encom- 45 
pass or cover a diode laser's largest output dimension, 
e^g.. m the case of a 200 urn by 1-2 urn output pattern 
the capturing fiber's core diameter will be 200 urn* with 
a typical thin cladding this would be at least a 220 |im 
clad fiber. Typically cylindrical lenses are affixed to the so 
diode lasers or to the end of the individual receiving fib- 
ers to reduce beam divergence. Groups of these indi- 
vidual fibers are then combined by being bound 
together, and packaged in a launch connector. 

All optical systems have an inherent phase volume ss 
stated by Streibel's invariant, which for circular cross 
sections is d 2 risin 0. where d is the beam diameter, e 
is the angle of the beam transverse divergence and r\ is 
refractive index of the medium. Brightness of the beam 



is proportional to this invariant and can be increased 
only by increasing the beam power. The beam power 
density, however, is inversely proportional to the beam 
cross section, so an increase in the cross section yields 
a significant decrease in power density. Since the phase 
volume cannot be decreased by an optical system, the 
goal of power delivery systems should be the improve in 
brightness at the output of the system and the increase 
in beam power by minimizing loss in the system, partic- 
ularly at system junctions, or the increase in power den- 
sity by decreasing the beam cross section. 

Present systems significantly decrease brightness 
of a diode laser's output at the coupling between each 
individual diode laser and optical fiber capturing the 
diode laser's beam. This is due to the difference in 
cross-sectional area dictated by the cross-sectional 
shape and the difference in numerical apertures of the 
laser and fiber. The diode laser has rectangular-shaped 
output and different numerical apertures in the direc- 
tions of both principal axis of the rectangular cross sec- 
tion. The optical fiber used as the receiver has a circular 
cross-section, with a diameter approximately equal to 
the longer rectangular axis of the laser's output and 
matches numerical aperture of the laser only in this 
direction. Another loss of power and decrease of bright- 
ness occurs at the junction between the bundled, indi- 
vidual fibers coming from individual diode lasers arid the 
single standard circular cross-sectional fiber into which 
the collected output is sent. 

Figure 1 shows the prior art. where a high loss 
interface 5 occurs between diode lasers 2 and combiner 
subsystem 6 of round fibers 4, and a second loss inter- 
face 8 occurs where the combiner subsystem's output 

1 1 is sent into a receiving port 29 of delivery subsystem 

12 having a diameter similar to that of the bundled out- 
put. At each of these interfaces the power density 
decreases due to losses and the increase in cross-sec- 
tional area of the receiving fibers. Fiber 13 carries the 
total captured output of the diode laser array and is con- 
sidered the deliverable output of the system. 

Current art is focused on the problem of minimizing 
the power loss at the high loss-prone junction between 
an optical device such as a diode laser and a single 
round optical fiber. The solutions used in current art 
focus on the creation of micro-lenses at the end of a 
round optical fiber to focus the light beam into the fiber 
or the insertion of a lens between the source and the 
fiber to achieve the same purpose. Neither reduces the 
coupling losses at that junction. U.S. Patent 5,256,851 
describes the use of an asymmetric hyperbolic micro 
lenses on a single mode optical fiber to enhance the 
coupling efficiency of a diode and a fiber by matching 
the ellipsoidal ratios of the laser diode and the lens This 
improves upon earlier microlenses described in U S 
Patents 5,011,254 and 4.932,989. U.S. Patent 
5,127,068 teaches how to couple the light from an array 
of laser diodes into a plurality of bundled optical fibers 
using a cylindrical microlens made from a small diame- 
ter multimode optical fiber. U.S. Patent 4,723,257 
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describes a laser diode pumped solid state laser com- 
prising an optical fiber transmitting pumping radiation. 
These approaches are not practical, however, when the 
output of the diode laser has axial ratios larger than 
10:1 , as is typically encountered in high-power multimo- 5 
dal diode lasers. US Patents 4,818,062 and 4,688,884 
describe an optical fiber having improved capability to 
receive light energy from a diode laser. The fiber has a 
tapered input end squashed into all elongated cross 
section to match both the diode laser numerical aper- 10 
tures and its cross section. The squashing of the ftoer 
end can not, however, provide the ratio of the fiber cross 
dimensions as large as 1:20 required for effective 
matching to the diode laser. Even in this case the 
tapered section only serves as yet another optical 15 
means to input diode radiation into the final circularly 
symmetric f iber cross section. Moreover, tapering of the 
fiber from its elongated end to its round end changes 
rectangular configuration of the input laser beam which 
may be undesirable for certain applications. For exam- 20 
pie, typical diode laser array has irradiates 12 beams of 
rectangular cross section oriented along its horizontal 
plane of p-n junction. To recombine these beams in 
such a way that long axes of all the beams are oriented 
in the vertical direction one need flexible means to 2 s 
transmit a plurality of the beams without changing of 
brightness and shape of each of the beams. Therefore, 
for many practical applications, it is desirable to have 
means of efficient coupling of the light from diode lasers 
into optical fibers while preserving brightness and rec- 30 
tangular shape of the light beam irradiated by diode 
laser over whole the fiber length. To solve this problem 
a special beam combiner systems must be designed. 

The effective beam combiner is also a key compo- 
nent of many compound laser systems based on con- 35 
structive superposition of beams generated by a 
number of individual sources of coherent radiation such 
as diode or fiber lasers. For example, the output radia- 
tion power of semiconductor lasers can be increased, 
retaining the spatial coherence, by the use of all array of 40 
strip structures formed on the same substrate and cou- 
pled either directly by the tunnel effect or indirectly by 
intermediate stripe waveguides. Although the output 
power can be increased considerably in systems of this 
kind, the problem of cooling the substrate remains and 45 
it has not yet been solved satisfactorily. 

In the case of a fiber laser, the output power of the 
fiber lasers is governed by the pump radiation power 
coupled into the active fiber material, i.e. it is also limited 
by the power and spatial coherence of the semiconduc- so 
tor laser usually employed as the pump source. 

One technique to achieve high-power laser opera- 
tion is to spatially separate subgroups of lasers and 
then coherently combine their outputs. 

Corcoran CJ. and Rediker R.H. (Appl. Phys. Lett, ss 
59, 759(1991)) have demonstrated a system of five 
diode gain elements, i.e. semiconductor diode lasers 
having one facet antireflection-coated, operated as a 
coherent ensemble by use of an external cavity control- 



led by a spatial filter or a hologram. The gain elements 
spatially separated and fiber coupled into the cavity. 
Collection of the fibers with microlenses on their facets, 
bulk lenses and spatial filters formed the means for 
phase-coherent superposing of radiation form the sepa- 
rate lasers in the system. 

The disadvantages of this system are the bulky 
design, i.e. the using of a separate optical elements 
such as lenses, filters, holograms. As a consequence, 
this reduces the efficiency of summation of output radi- 
ation and results in increasing of the threshold of the 
laser system generation. Moreover, in this system it is 
difficult to avoid parasitic feedback due to undesirable 
reflections. When a system of this kind is used, addi- 
tional devices are needed to concentrate the radiation in 
a single-mode waveguide channel. 

The above mentioned problems clearly hinder the 
penetration of laser diodes into markets requiring high 
laser powers or high brightness. The present invention 
removes these difficulties. 

The objectives of the invention are as follows: 

1 . To provide a compound laser system having high 
brightness and high power density of the output 
beam by efficient combination of the beams gener- 
ated by a number of individual sources of coherent 
radiation. 

2. To provide a simple, compact and eff icient beam 
combiner performing constructive superposition of 
the beams generated by individual laser sources. 

3. To provide an efficient method for phase coher- 
ent constructive superposition of beams from indi- 
vidual sources by employing a common feedback 
for all these sources. 

4. To optimize the coupling efficiency at the diode 
laser to optical fiber or optical waveguide junction 
and provide a means for preserving brightness of 
the beam over the waveguide length. 

5. To create a diode laser delivery system which 
includes a diode laser subsystem, a combiner sub- 
system that transitions the multiple outputs of the 
diode lasers into a single output from an optical 
ftoer or optical waveguide and a delivery subsys- 
tem. 

6. To create multiple embodiments of the combiner 
subsystem, including all integrated Optical Com- 
biner which is a discrete component containing the 
full functionality of the entire combiner subsystem 
or a subset. 

7. To optimize the power transfer efficiency at the 
junction between the combined optical fibers or 
optical waveguides and the single power-delivery 
optical fiber. 

The present invention provides compound laser 
system for generating beams of high brightness and 
high power density by constructive phase coherent 
combination of the beams generated by a number of 
individual sources of coherent radiation. It provides a 
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laser system comprising at least two lasers whose out- 
put beams are combined by a means for phase-coher- 
ent superposing and by a common feedback reflector. 
In particular, it provides a system for the delivery of high 
powered output from a set of inexpensive, compara- 5 
tively low-powered diode lasers comprises three sub- 
systems: a diode laser subsystem which is the source of 
power for the system; a combiner subsystem which 
combines the output of the diode lasers; and. an 
optional delivery subsystem which may be needed to 10 
deliver the combined output to its desired destination for 
industrial or medical applications. The combiner sub- 
system and the delivery subsystem may use optical fib- 
ers, a free-standing form of optical waveguide. These 
systems may also use captured waveguides. The term 15 
"waveguide" is used to cover both free-standing 
waveguides or optical fibers, and captured waveguides. 
If only a particular kind of waveguide is to be used, the 
description "optical fiber" for free-standing waveguides 
or "capture waveguide" will be used as needed. " 20 

The combiner subsystem may be implemented in 
its entirety as an Integrated Optical Combiner, a single 
component performing all the combiner subsystem's 
functions. Each diode laser's output is captured by a 
single waveguide having a core whose cross-sectional 25 
shape is contoured so that its major and minor axes are 
not less than those of the diode laser output's major and 
minor axes and having a means to closely match its 
numerical apertures to that of the laser in the directions 
of corresponding axes. This means of numerical aper- 30 
tures matching can comprise, for example, some micro- 
optics or shaping the fiber end faces to make a micro- 
lens directly on the fiber. The matching cross-sectional 
shape may also be achieved using a cluster of circular 
shaped optical fibers where the diameter of each fiber is 35 
approximately equal to the minor axis length and a 
number of such fibers used, side-by-side, is approxi- 
mately equal to length-of-major-axis divided by the opti- 
cal fiber diameter. The waveguides receiving the diode 
laser's output are called input ports into the combiner 40 
subsystem. Waveguides are combined in the combiner 
subsystem, which contains combiner elements that 
combine two or more waveguides into a single 
waveguide. These combiners are cascaded until there 
is a single waveguide. This single waveguide is the sin- 45 
gle combiner subsystem output, called the combiner 
subsystem output port, whose cross-sectional shape 
depends on the number and cross-sectional shape if 
the input ports. A delivery subsystem takes output from 
the combiner subsystem using a standard round or con- so 
toured optical fiber core, depending on the cross-sec- 
tion shape of the combiner subsystem's output. 

The combiner subsystem minimizes the power loss 
at input port interface by the use of input ports whose 
major and minor axes dimensions closely match those 55 
of the diode laser's output. The combiner subsystem's 
output has a cross-sectional core shape whose major 
and minor axes dimensions depend on the number and 
shape of the input ports. 



Power loss is minimized at the junction between the 
combiner subsystem and the delivery subsystem by 
using optical fiber in the delivery subsystem whose 
major and minor axes approximate the major and minor 
axes of the combiner subsystem's output port and 
whose numerical apertures approximates the numerical 
apertures of the combiner subsystem. 

The above, and other objects, features and advan- 
tages of the present invitation will become apparent 
from the following description read in conjunction with 
the accompanying drawings. 

Figure 1 depicts an example of a present state of 
the art diode laser fiber optic system. 

Figure 2 depicts a cross sectional view of optical 
fibers with contoured cross-sectional area, with clad- 
ding, and depicts the optical inputs used in previous art 
and in this invention. 

Figure 3 illustrates one preferred embodiment of 
the present invention. 

Figure 4 illustrates another embodiment where the 
combiner subsystem is an Integrated Optical Combiner. 

Figure 5 illustrates an embodiment of the Inte- 
grated Optical Combiner Subsystem. 

Figure 6 illustrates another embodiment of the inte- 
grated Optical Combiner Subsystem. 

Figure 7 illustrates still other embodiment of the 
Integrated Optical Combiner. 

Figure 8 illustrates the integrated Optical combiner 
based on a fiber having multiple rectangular core. 

Figure 9 shows an example of the use of optical 
fiber Y junctions for coherent constructive combination 
of radiation from four lasers. 

Figure 10 shows schematic of the experimentally 
investigated compound laser system. 

Figure 11 shows schematic of compound laser 
system employing a section of multimode waveguide as 
Phase Coherent Integrated Optical Combiner. 

Figure 12 shows a section of multimode waveguide 
operating as a interference combiner. 

Figure 13 shows schematic of compound laser 
system for generation a single higher order mode. 

The present invention describes a new compound 
laser system based on constructive superposition of 
beams generating by individual sources of coherent 
radiation. 

Figure 1 depicts an example of a present state of 
the art diode laser fiber optic system. Diode lasers 2 are 
in all array 1 . Each diode laser's output passes through 
lens 3 into a standard optical fiber 4 with circular cross 
section. The diode laser's output 7, lens 3. and input 
end of round optical fiber 4 corrprise subsystem inter- 
face 5. Individual optical fibers 4 continue to a second 
subsystem interface 8 within combiner subsystem 6 
Individual circular cross-sectional fibers are corrbined 
into a single circular cross-sectional shape in Figure 
1 A. Junction 8 has a cross-sectional area comprised of 
fibers 4 and significant amounts of inter-fiber space 10 
Inter-fiber space 1 0 indicates a loss of power density at 



junction 8 as the combiner subsystem's output 1 1 trans- 
fers to delivery subsystem 12. 

Figure 2 illustrates two embodiments of the spe- 
cially-shaped optical waveguide used in the combiner 
subsystem, having a contoured core 13 and exterior 
cladding 14. Dimensions of the rectangular fiber core 
may be, for example, as large as 10 x 200 or 20 x 200 
jim in order to match cross sections of the fiber and the 
diode laser. End faces of the fiber can also be shaped to 
match also the diode laser's numerical apertures in cor- 
responding directions. This results in efficient coupling 
between the ftoer and the diode laser. Fiber cladding 
has usually much rounder cross section, resulting from 
its manufacturing process on a draw tower. Also illus- 
trated is the readily apparent difference between opti- 
cally connecting diode laser 2 output 7 into a contoured 
core or a standard round-shaped core. 

The f foers having shaped core described here can 
be drawn from a preform having corresponding shape. It 
should be emphasized that these fibers are quite differ- 
ent from the fibers with end squashed into elongated 
cross section proposed in US Patents 4,818,062 and 
4,688,884. The fiber drawn from a shaped preform can 
have the ratio of its core transverse dimensions larger 
than 1 :20 , as required to approximate diode laser cross 
section, while fiber end face can not be squashed to 
have such large ratio of its principal axes. Moreover, the 
fiber with shaped core has uniform cross section provid- 
ing essential conservation of beam brightness and 
shape over complete fiber length, while the fiber with 
squashed end has a tapering region changing configu- 
ration of the transmitted laser beam. This may be unde- 
sirable for some specific applications. For example, in 
the case when beams from typical diode laser array 
having rectangular cross sections oriented along the 
horizontal plane of p-n junction should be recombined in 
such a way that long axes of all the beams are oriented 
in the vertical direction, one need a flexible means to 
transmit and reconf igure a plurality of the beams without 
changing of brightness and shape of each of the beams. 

In addition, the fiber having shaped core possesses 
an important ability to essentially preserve the state of 
polarization as the light propagates through the fiber. 
For example, we have experimentally test a rectangular 
core fiber excited by a linearly polarized laser diode. 
The degree of polarization of the light measured at the 
distal end of the fiber was found to be 0.61 . Thus, the 
flexible Integrated Optical Combiner based on the fibers 
having shaped core provides unique possibility for 
pumping of different active media with powerful light 
beam having certain degree of polarization. The polari- 
zation properties of the pump laser beam are potentially 
very important for diode pumping. 

Figure 3 illustrates one preferred embodiment of 
the present invention with each diode laser 2 in diode 
laser array 1 emitting into a specially-shaped optical 
waveguide 13. Subsystem interface 5 may use a lens to 
reduce the degree of divergence in the highest-diver- 
gence axis, the minor axis, from a typical value of 40° to 



a value close or the same as the divergence in the low- 
divergence or major axis, 20°. Subsystem interface 5 
may also use waveguides whose input ends are lens- 
shaped to achieve the same divergence-reduction pur- 
5 pose. Combiner subsystem 16 combines incoming 
waveguides into a single waveguide. Output port 11 is 
comprised of an optical waveguide 4 which has a con- 
toured core with cross-sectional shape depending on 
the number and shape of the input waveguides. For 
ro example, 8 input waveguides designed to capture the 
output of diodes with rectangular cross-sectional shape 
having a major axis of 200 \im and a minor axis of 10 
jim would have a rectangular shaped cross-sectional 
output port with a major axis of 200 p.m and a minor axis 
is of 80 *im. Combiner subsystem's 11 output is fed into 
delivery subsystem 12 which may use standard round 
cross-sectional optical fiber as illustrated in figure 3B, or 
may use contoured optical waveguides whose core has 
major and minor axes approximating those of the com- 
20 biner subsystem's output and having a means to mutu- 
ally match corresponding numerical apertures. 

Figure 4 illustrates another preferred embodiment 
of the present invention where diode laser array 1 is 
matched to combiner subsystem 16 that is a discrete 
25 unitized component called an Integrated Optical Com- 
biner. Each diode laser 2 in diode laser array 1 is 
aligned with one Integrated Optical Combiner input port 
23. Integrated Optical Combiner input ports 23 are con- 
toured. Integrated Optical Combiner Subsystem 16 
30 combines multiple input port 23 to one output port 24, 
whose cross sectional shape is approximately square or 
rectangular, depending on the number and shape of 
input ports 23. Output port 24 is optically connected to 
delivery subsystem input poll 29, comprised of a stand- 
35 ard round optical fiber or a single ellipsoidal shaped 
optical waveguide whose major and minor axes approx- 
imate those of output port 24. 

Figure 5 illustrates one preferred embodiment of 
Integrated Optical Combiner 18, where input ports 23 of 
40 optical waveguides 27 are contoured in cross-sectional 
shape. Input ports 23 are staggered or stair-stepped, 
such that in viewing input port side 25 of Integrated 
Optical Combiner 18 each rectangularly-shaped input 
port has its major and minor axes parallel to the major 
45 and minor axes, respectively, of input port side 25, and 
each successive input port going from left to right has its 
bottom flat edge slightly above the previous port's top 
flat edge as shown in figure 5a. A left-most input port is 
located near the bottom left corner of input port side 25 
50 of Integrated Optical Combiner 18, and a right most 
input port is located near the top right corner of input 
port side 25 of Integrated Optical Combiner 18. Output 
port 24 is located on the opposite side of Integrated 
Optical Combiner 18 as input ports 23. Output port 24 
55 has its major and minor axes parallel to the major and 
minor axes, respectively, of output side 26. Output port 
24 has an approximately square-shaped core or a rec- 
tangularly-shaped core, depending on the number and 
shape of input ports 23, shown in figure 5b. Integrated 
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Optical Combiner 18 is an enclosure molded, formed, 
built up, layered, or otherwise manufactured to provide 
internal channels and chambers that perform the func- 
tions of the combiner subsystem. Cores 27 in Integrated 
Optical Combiner 18 can be laid in, layered in, forced in, 5 
molded in, built up, poured in, clamped in, or otherwise 
set and held in place during the manufacturing process. 

Figure 6 illustrates another preferred embodiment 
of Integrated Optical Combiner 18 where input ports 23 
have their cross-sectional major and minor axes rotated w 
relative to the major and minor axes of input port side 25 
of Integrated Optical Combiner 18. The rotation allows 
the internal channels and chambers of the Integrated 
Optical Combiner to be manufactured using cutting or 
molding technologies in upper body 20 and lower body is 
21 of Integrated Optical Combiner 18. Output port 24 
may also have its major and minor axes rotated relative 
to the major and minor axes of output port side 18. See 
also figures 6A, 6B and 6C. Upper body 20 and lower 
body 21 can be clamped, heated, glued, or otherwise 20 
forced or held together during manufacturing. 

A preferred embodiment for a set of diode lasers 
when an Integrated Optical Combiner like that illustrated 
in Figure 6 is used is to rotate the major and minor axes 
of the individual laser diodes so that their output shape 25 
rotates the same amount as the axes rotation of the 
input ports in the Integrated Optical Combiner. This 
embodiment may also allow the diode lasers to be more 
tightly packaged than non-rotated arrays. 

Another preferred embodiment of an Integrated 30 
Optical Combiner has both axes of the input ports paral- 
lel to the major and minor axes of the Integrated Optical 
Combiner's input port side. The input ports are stepped 
m an up and down fashion going from left to right along 
input port side. The stepping allows an Integrated Opti- 35 
cal Combiner's height to be no more than a specified 
number of input ports high by adding more ports along 
the input port side's major axis. The output port will have 
a contoured core whose shape is a result of combining 
differing numbers of input ports with differing major and 40 
minor axes. 

Figure 7 illustrates still another preferred embodi- 
ment of Integrated Optical Combiner which comprises 
at least one optical fiber having one flat side surface and 
one side surface of such a shape that the light irradiated 4s 
by each diode laser through said flat side surface is 
reflected and focused by said shaped side surface in the 
direction parallel to the axis of said fiber collecting the 
light from all said diode lasers. 

Figure 8a shows a schematic of another Integrated so 
Optical Combiner employing special having multiple 
rectangular core. All optical fiber 81 has a plurality of 
cores 82 having rectangular cross sections. The 
number of these cores is equal to the number of active 
regions of laser diode array 83. It typical case it is equal ss 
to 12. Fiber 81 has cladding 84 which is side removed in 
the region 85 where laser diode array 83 is butt-joined to 
fiber 81. To remove the cladding from one side of the 
fiber, one can , for example, polish the fiber in a special 



glass block. Laser diode array 83 should be butt-joined 
to the fiber 81 under some angle to the fiber axis to 
ensure effective overlapping of each active element of 
the array with cross section of the corresponding fiber 
core. This provides effective coupling of light from diode 
array into the fiber cores. Each fiber core has a means 
to reflect the side coupled light in the direction along the 
ffoer axis. Appropriate incisions 86 made in the fiber 
cores 82 can be used for reflection of the light irradiated 
by laser diode 87. as shown in Fig. 8b. These incisions 
can be fabricated, for example, with the help of focused 
beam of C0 2 laser, excimer laser or other micro- 
machining techniques. 

The preferred embodiments show the advantages 
in using this inventions' solutions instead of previous 
implementations. The interfaces to the combiner sub- 
system have been improved through the creation and 
use of input ports whose cross-sectional Sjhape and 
major and minor axes are close to the cross-sectional 
shape and major and minor axes of the components 
with which they interface and having means to match 
numerical apertures of the input ports and the compo- 
nents. In the case of a set of diode lasers, each diode 
laser is matched to a combiner subsystem intake port 
whose cross-sectional shape is appropriately contoured 
to have the major and minor axes dimensions not 
smaller than that of the output of the laser. In addition to 
creating an efficient interface, it may eliminate the need 
for the lenses used in previous systems when the input 
ends of the contoured waveguide is shaped so as to 
reduce the beam divergence in the diode laser's high- 
est-divergence axis (the minor axis) to that of the low- 
divergence axis (the major axis). At the output side of 
the combiner subsystem, the output port has a cross- 
sectional shape approximately that of a square or of a 
rectangle, depending on the number of laser diodes and 
characteristic output shape of each diode. The input 
port's shape of the delivery subsystem may be 
designed to closely match the combiner subsystem's 
output port shape. This may be a standard circular 
cross-sectional shaped core or may be a special con- 
toured core. 

A calculation can be made of the potential effi- 
ciency gain between this invention and the previous art. 
The comparison is made between the current inven- 
tion's matching of a typical diode laser's output shape of 
200 *im by 1 0 jtm, coupled with the use of a divergence- 
reducing lens or lens-shaped ftoer ends, relative to the 
previous art using an optical fiber whose core was circu- 
lar in cross section and whose diameter was 200 *im. 
The power densities of both systems at an equal dis- 
tance into the combiner subsystem from the point of 
issue would be related to each other as: 

(200 2 (tc/4))/(200(10))=15.7 

This shows that the current invention can easily deliver 
power densities over all order of magnitude higher using 
the same diode laser source. 



Additionally, this invention discloses an Integrated 
Optical Combiner, a discrete component which is the 
combiner subsystem of a diode laser array power deliv- 
ery system. The Integrated Optical Combiner allows 
significant savings in manufacturing to be realized over 
previous art by reducing the discrete component count 
on each board, increases ease of manufacturing, and 
increases reliability by reducing the component count in 
the entire system. 

The laser diode sources of radiation considered 
above in detail are only one example of active elements 
that can be employed in high power compound laser 
system based on superposition of beams generated by 
a number of coherent sources. Any active elements 
generating coherent radiation can generally be 
employed in the compound laser system. For example, 
this system can use active fiber lasers or amplifiers as 
active elements. Optical parametric amplifiers or oscilla- 
tors based on frequency conversion in nonlinear mate- 
rial pumped with an external laser beam can also be 
employed as the active elements of the compound laser 
system. 

Special Phase Coherent Integrated Optical Com- 
biner is a key component of the high power compound 
laser system. Its main function is to provide constructive 
superposition of coherent beams generated by all active 
elements of the compound laser system. 

One preferred embodiment of the system is shown 
in Figure 9. Light beams from four individual active ele- 
ments 91 are coupled into single-mode fibers with polar- 
ization rotators 92 and phase modulators 93. The fibers 
are spliced together with the help of Y-junctions provid- 
ing their cascade connection. Each active element 91 
has an internal means of optical feedback. In the case 
of lasers used as active elements, rear mirror or Bragg 
reflector of the laser can provide the means of internal 
optical feedback. In the case of optical parametric oscil- 
lator based on counter-propagating signal and idler 
waves, coupling between these signal and idler waves 
can provide the means of internal feedback. 

Output fiber has a means of external optical feed- 
back which can be provided by a reflecting coating of 
the fiber facet, a mirror or a Bragg reflector. Feedback in 
the system ensure coherent adding of the radiation in 
compound laser system comprising of four active ele- 
ments 91 . 

The laser system operates as follows. The radiation 
reflected from exit mirror 95 passes through cascaded 
Y-junctions, uniformly distributes among the active ele- 
ments 91 , amplifiers under double path through them 
and returns to the inputs of Y-junctions. Let / t and / 2 are 
the intensities of radiation arriving at the inputs of each 
of Y-junction and let A<|> is the phase difference between 
them. The intensity at the output of Y-junction is 
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/=(/ 1 + / 2 +2(/ 1 / 2 ) 1/2 COSA(|) )/2 
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The output intensity reaches its maximum value when 
the following two conditions are satisfied: ■ l 2 and 



A<|> = 0 . This case corresponds to summation of the 
radiation intensities in Y-junction without any losses. If 
similar conditions are satisfied by all Y-junctions, this 
results in the minimum value of the lasing threshold of 
the system. However, if incoherent radiation reaches 
the inputs of the Y-junctions, then the power losses in 
each of them amount to 3 dB, and this regime of opera- 
tion of the laser system is characterized by a much 
higher threshold. The first condition of equality of the 
intensities can be satisfied by suitable pumping of the 
individual active elements. However, the second condi- 
tion, A<|> = 0 , can be satisfied only if, first, the radiation 
in the various arms of the system is mutually coherent 
and, second, if the optical path difference between 
these arms is a multiple of an integer number of wave- 
length. The last condition can be satisfied by tuning 
phase modulators 93 in each arm or by choosing very 
different optical lengths of the aims because the longitu- 
dinal modes are then selected in the laser system and 
the radiation with required wavelength is generated 
automatically. 

The proposed approach can be used, in particular, 
to add the powers of individual semiconductor laser 
diodes and of several fiber lasers having separate pump 
sources. As a result, the output radiation is concen- 
trated in a single output fiber, which makes it most con- 
venient for any further use. 

In a model experiment we used an all-fiber laser 
system shown in Fig. 10. The system comprised of two 
separate active fibers A and B doped with Nd 3+ in a rel- 
ative concentration of 10" 3 . This fibers are single-mode 
at the lasing wavelength of 1.08 jutm. They are con- 
nected by an X-type junction formed from sections of 
the two fibers (polished down to the core) which could 
be moved relative to one another by a micro-positioner. 
The use of such a junction avoided completely the opti- 
cal losses in the coupling region and enabled us to alter 
the coefficient representing the division by the junction. 
We were also able to record the power of the uncom- 
pensated radiation P s at free output of the junction (in 
the case of Y-junction such radiation would have been 
scattered at the output). The three other arms (chan- 
nels) of the junction were brought into contact with die- 
lectric mirrors 101 whose reflection coefficients at the 
lasing wavelength were 95%. The length of the active 
arm A of the system was 0.9 m and the length of the 
arm B was 1 m. This ensured a practically complete 
absorption of the radiation from an Ar laser (having 
wavelength X = 51 4 nm) which was used as a pump and 
the difference between the arm lengths was sufficient to 
satisfy automatically the phase relationships governing 
lasing in the system. The output part of the fiber shared 
by both arms was about of 25 cm long. The active fibers 
were excited through their ends. Each arm of the laser 
system was pumped independently and the pump 
power could reach 20 mW in each arm. Two fiber polar- 
ization controllers were used to achieve maximum con- 
structive (in the shared output arm of the X-junction) or 
destructive (in the free arm of the junction) interference. 
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The experiment has demonstrated 95% efficiency of 
radiation power addition in the system. 

Cascaded Y-junctions shown in Figure 9 are not 
the only possible embodiment of the Phase Coherent 
Integrated Optical Combiner. Many of the Integrated s 
Optical Combiners described above can be employed in 
the Phase Coherent Integrated Optical Combiner, if 
appropriate external feedback is provided. It is essential 
for operation of the compound laser system to provide 
efficient coupling between laser and light delivering w 
waveguide in both directions. This is important condition 
for establishing external feedback required for operation 
of the system. This point becomes really critical in the 
case of the coupling between diode lasers and fibers as 
a result of the difference in their geometries. It seems is 
that Integrated Optical Combiner based on fibers having 
shaped core described above in detail offers a unique 
solution of the problem. 

An additional preferred embodiment of the com- 
pound laser system employing the Phase Coherent 20 
Integrated Optical Combiner based on a section of a 
multimode waveguide operating as an interference 
combiner is shown in Figure 11. Light from four active 
elements 111 is delivered by waveguides 112 to Phase 
Coherent Integrated Optical Combiner 113 performing 25 
adding of powers of the individual incoming beams and 
coupling the light into output waveguide 114. Mirror 115 
provides an external feedback in the system. 

Operation of the section of multimode waveguide 
as an interference beam combiner is illustrated in Fig- 30 
ure 12. It is known that section of multimode waveguide 
whose width Wis large enough to support many lateral 
modes can operate as a beam splitter. Self-images of 
the waveguide input occur in planes at distance L from 
the input in which the accumulated phase difference 35 
between excited modes are multiples of 2n. Multiple 
self-images are formed at intermediate planes. If the 
length of multimode waveguide section is equal to U8n 
then an input beam which is central fed is nearly uni- 
formly split among n output waveguides. Back propaga- 40 
tion of appropriately phased n input beams results in 
coherent combining their powers in one output beam. 
Feedback means 115 shown in Figure 1 1 provides con- 
ditions for automatically phasing of all the beams 
required for operation of Phase Coherent Integrated as 
Optical Combiner. 

For some practical applications it is desirable to 
have a compound laser system generating a powerful 
output beam corresponding a higher order mode of the 
multimode waveguide. Such compound laser system is so 
shown in Figure 13. In this case the section of multi- 
mode waveguide should not have a specific length 
Input beams having appropriate relative phases excite 
an output beam corresponding to higher order mode 
1 34 in the multimode waveguide. Feedback means 1 35 ss 
automatically provides required phase relations 
between all input beams. 

Different types of optical waveguides can be 
employed in the Phase Coherent Integrated Optical 



Combiner described above. In one preferred embodi- 
ment one can design this Combiner based on integrated 
optical rib waveguides connected to a section of planar 
multimode waveguide being fabricated on the same 
substrate. A section of multimode optical fiber can also 
be used in such a Combiner. Another preferred embod- 
iment used a section of a multimode optical fiber having 
rectangular cross section. For using this ffoer in combi- 
nation with single-mode light delivering input/output fib- 
ers, it may be convenient to use the rectangular fiber 
core of such size that the rectangular core fiber is single 
mode in one direction and multimode in another direc- 
tion. 

Having described preferred embodiments of the 
invention with reference to the accompanying drawings, 
it is to be understood that the invention is not limited to 
the precise embodiments, and that various changes 
and modifications may be effected therein by skilled in 
the art without departing from the scope or spirit of the 
invention as defined in the appended claims. 

Claims 

1 - A compound laser system having at least two active 
elements including lasers or optical amplifiers, 
enhancing the power of optical beam, and having at 
least one means of internal optical feedback, char- 
acterized by the active elements having means of 
optical connection of said optical beams to a phase- 
coherent combiner; the combiner performing con- 
structive superposition of the optical beams to add 
their intensities, and the combiner having a means 
of external optical feedback providing feedback for 
all the active elements. 

2. A laser system according to claim 1 , further charac- 
terized in that the active elements are optical para- 
metric amplifiers based on frequency conversion in 
a nonlinear medium pumped with all external 
source; the means of internal optical feedback 
includes at least one mirror or Bragg reflector inside 
or at the surface of a nonlinear medium of the opti- 
cal amplifiers or is provided by coupling between 
signal and idler waves in the nonlinear medium for 
the case of counter-propagating wave configuration 
of the optical parametric amplifiers. 

3. A laser system according to claims 1 or 2, further 
characterized by having the means of optical con- 
nection and the phase-coherent combiner be inte- 
grated optical waveguides fabricated on a common 
substrate, where the integrated optical combiner 
includes cascaded Y-junctions having a single out- 
put or a section of multimode optical waveguide; 
and the means of external feedback is a mirror or 
Bragg reflector at the output of the combiner. 

4. A laser system according to claims 1 , 2 or 3, further 
characterized by having the active elements be 



semiconductor lasers, integrated optical micro- 
lasers or amplifiers, or optical fiber lasers or ampli- 
fiers. 

5. A compound laser system according to daim 1 , fur- 
ther characterized by having the active elements be 
a diode laser array, the means of internal feedback 
are mirrors of each individual laser of the diode 
laser array, the means of optical connection are 
optical fbers with each having an essentially rec- 
tangular input cross section of its core and with 
each being able to transmit polarized light, the opti- 
cal combiner is phase-coherent and is a cascaded 
Y-junction of the optical fibers or a section of multi- 
mode optical fiber having an essentially rectangular 
core cross section, and the Y-junction has an output 
fiber with an essentially round core cross section. 

6. A flexible compound laser system characterized by 
having a diode laser subsystem with at least two 
diode lasers or an array of diode lasers whose out- 
put is non-circular in shape, a means of optical con- 
nection from the diode laser subsystem to an 
optical combiner being a set of optical waveguides 
with each diode laser having its output captured by 
an optical waveguide, each optical waveguide hav- 
ing a core cross section that is contoured in shape 
matching the cross section of a beam irradiated by 
the diode lasers and having means to match its 
numerical aperture to that of the diode laser, the 
optical combiner combining individual beams of 
captured diode laser light from the optical 
waveguides into a single output which has a geom- 
etry that is substantially a superimposition of the 
input waveguides causing the output to substan- 
tially maintain or increase an initial input power den- 
sity, and a means for delivering said output. 

7. A laser system according to claim 6, further charac- 
terized by having the means of delivering the sys- 
tem's output be a delivery subsystem with an input 
port which is an optical waveguide whose cross- 
sectional core shape is a standard round shape or 
is contoured with or without a lens between the out- 
put port and the delivery subsystem input port with 
or without a specially-shaped end on the delivery 
subsystem input such that any divergence in the 
combiner subsystem emitted output is equalized 
between the combiner subsystem output's major 
and minor axes and by having the means to match 
the numerical apertures of the optical waveguides 
in the optical combiner to that of the diode laser be 
input ports of the optical waveguides with shaped 
ends or lenses. 

8- A laser system according to claims 6 or 7, in which 
the optical combiner subsystem is further charac- 
terized by being an integrated single component, 
an Integrated Optical Combiner, with a body having 



channels and voids with optical waveguide material 
in the channels and voids and with input ports and 
an output port where the optical waveguide material 
in each input port has a core cross-sectional shape 
5 substantially matching the output shape of the laser 
diodes and where optical waveguide material in the 
output port has a cross-sectional shape contoured 
to be substantially geometrically equivalent to a 
superimposition of said input ports so that the 
10 beams at the output port substantially maintains an 
initial input power density, and where the input ports 
of the Integrated Optical Combiner are arranged so 
that each port is substantially aligned with a corre- 
sponding diode laser output whether or not the indi- 
75 vidual diode lasers are linearly arranged or rotated 
about the major axis of each diode laser. 

9. A laser system of claims 6 or 7, where the optical 
combiner is further characterized by having its opti- 

20 cal waveguides be individual optical fibers which 
are combined by a cascade-like arrangement of 
optical combiners. 

10. A laser system according to claim 8 where the Inte- 
25 grated Optical Combiner is further characterized by 

having one or more optical fibers with a complex 
shape such that there is at least one flat side sur- 
face and one side surface of such a shape that light 
irradiated by each diode laser passing through the 
30 flat side surface is reflected by the shaped side sur- 
face in the direction of the axis of the fiber collecting 
the light from all the diode lasers which overlap with 
the complex fiber. 

35 1 1 . A laser system according to claim 8, where the Inte- 
grated Optical Combiner is characterized by having 
at least one multi-core optical fiber with a low index 
cladding surrounding at least two cores where each 
core has a rectangular cross section and a diode 
40 laser array having at least two individual diode 
lasers to which the multi-core fiber is butt-joined 
after removing the cladding from one side of the 
fiber in a region of the butt-joining so that light 
beams irradiated by each individual diode laser are 
45 coupled into a corresponding core of the multi-core 
fiber and each of the multi-core fiber cores has a 
means to reflect the beams in the direction along a 
longitudinal axis of the multi-core fiber. 
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(54) Compound laser system for high power density 



(57) The present invention provides compound 
laser system for generating beams of high brightness 
and high power density by constructive phase coherent 
combination of the beams generated by a number of 
individual sources of coherent radiation. In one pre- 
ferred embodiment, it provides a system for the delivery 
of high powered output from a set of inexpensive, com- 
paratively low-powered diode lasers and comprises 
three subsystems: a diode laser subsystem which is the 
source of power for the system; a combiner subsystem 
which combines the output of the diode lasers; and, an 
optional delivery subsystem which may be needed to 
deliver the combined output to its desired destination for 
industrial or medical applications. 



The combiner subsystem may be implemented in 
its entirety as an Integrated Optical Combiner, a single 
component, performing all the combiner subsystem's 
functions. Different preferred embodiments of Phase 
Coherent Integrated Optical Combiners are proposed. 
One of them employs an optical fiber having a shaped 
core to provide efficient matching to the geometry of 
typical laser diodes. Each diode laser's output of a 
diode laser array is captured by a single optical fiber 
with a core whose cross-sectional shape is contoured 
so that major and minor axes of a laser diode's output 
shape are not larger than major and minor axes of a 
optical waveguide and whose numerical apertures are 
closely matched to the numerical apertures in the direc- 
tions of corresponding axes. 
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A compound laser system incorporating a 
phase coherent combiner using external 
feedback. 

A compound laser system incorporating wave- 
guides with special cross section to match 
the numerical apertures of laser and receiver. 
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